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OBJECT: 

The X-ray diffraction method of stress mensure- 
ment is the only known means of determining absolute stregs 
magnitudes without seesurements in the unatressed condition. 
It is the objeotive of this thesis to investigate the 
fessidillity of using this method in analysis of naval struc- 


tTarées both aboard ahip and on models. 


WETHOD: 

Aw~rpay weveas of certain slements are comparable in 
length to atomic interplancr distences of common structural 
materials. the atomia intorplansr distance of # given un- 
stressed material 1s constent and may be determined exally. 
Using the diffraction oroperty of A-rays, the atomic inter- 
planar distence of the stressed material may be menasured by 
reoording the diffraction pattern on A-ray film. The dif- 
ference between these two interoslanar distances serves as a 
measure of the atrein and may be converted, oy Hooke's lew, 


to a stress measurement. 


CONCLUSION: 

The use of this method for stress measurementa 
aboard ship or on wodels is entirely practical provided 
Awray equipment is designed for this spectfic purpose and 


&® guiltable method of surface preparation is developed. 
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RECOMMENDA TIONS: 

In using thie method to investizete the stress 
distribution on &n aetual motiel, 1t imnediately decame 
epparent thet Aeray ecuilpment of & portedle nature, con- 
atructed specifically for stress mecsgurements, muat be 
designed for actual measurements eboard ship. The proper 
prepare tien of the surfsce ls a major fector in obtaining 
acourate results. The currently accepted proesdure, a 
drestic acid etch with hend polishing followed by » mild 
acid atch, ls @ long, tedious process not particularly 
adeptable to fleld ure. Some experimentetion wes con- 
ducte@a in an effert to reduce the time end lebor involved 
in eurfece preparetion. A ranconeble technicue wee dee 
veloped, but 1% ia felt that further investipetion would 


result in an improved technicue. 
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INTRODUCTION 


Stress intensity is a basic conesrn in naval atruce 


tures gince ag a criterion it measures the success of any 


structure. Accurate evaluation of magnitudes in any and all 


parts of structure is vital, yet under many conditions 


measurement 1s not possible at present with the methods used 


in the Navy. The authors felt that an endeavor aimed at ine 
creasing the possibilities of accomplishing stress mer sure- 


ment rould be wortn the effort. Accordingly, this thesis 


attcmpte an investigation of the Aeray diffraction method of 


stress measurement, a method which obviates dastructive test 


and renders absolute masnitudes without unloading. 

The viewpoint throughout this investigation will 
be thet of the naval engineer and not that of the physicel 
metallurgist. The intent isa to determine the adaptability 
of the method to use by the naval engineer, with an eye 
toward spotlighting the advanteges and cvarcoming the dis- 
advantages encountered. It is earnestly hoped that this 
thesis focuses attention upon the A-ray diffraction method 
and provides the full beckground necessszry to any who vould 


use this method in the Navy. 


HISTORICAL HACKGHOUND 
Stress measurement based on the diffraction of 


X-reys had its first beginnings some two decades past. 
Leater and Avorn!) , in 1925, demonstrated that the spacing 
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of the atomic planes in «a crystal is altered by stresses 
applied to the crystal. This spacing acts as a gage Length 
and changes in this length actually constitute the elastic 
straing of a stressed material. They further introduced 
the use of this change as 4 means for determining etress 
througn 4-rey diffraction methods. In 1930 end 1931, 
German Lavestige tore’ 2? @pplied the precision backereflece 
tion cemera to the problem and succesded in obtaining 
accuracy compareble to mechanical strain gages, but their 
methods produced only the sum of the principal stresses in 
the surface of the material. Vevelopment was rapid, how- 
ever, and within five years serrett and Gensaner' 3) | in 


(4) (5) “a 


this country, and Giesen, Glocker and Csswald 
Germany, had succesced in developing methods which permitted 
determination of eingle stresses from exposure of the 
material in the stressed satate alone, the unstressed value 
of the interplaner spacing belnys determined from two measure- 
ments on the stressed meterial. 


(6) 


By this time several investigators were at- 
tempting to establish the eccuracy of this method by 
meaguring the stress in tensile or bending test specimens 
and compering values thus determined with the calculated 
stresses. Invariably 4-ray etresaes were lower than 
ec@alculated stresses. Since the mechanical stress was an 
averege over the whole cross-section area, whereas the X-ray 


strese was that measured from severel crystals oriented in 


certain directions, it wae assumed that the discrepancy was 
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Que to anisotropy of the individual crystals. It was 
concluded that py altering the empirical values of the 
modulus of elasticity and of Poisson's ratio, ressonshle 
agreement could be obteined between A~ray determined 
stresses and mechanically measured stresses, However, 


(7) 


Opposing this, Moller and Strunk determined thet ex- 
perimental errors were greater then any discrepancies due 
to enisotropy. 

Tne most recent work in this category, by 
Gre ‘*) in 1944, indicetes that under certain conditions 
the values of the elastic modulus cnd foisson's ratio, as 
commonly accepted, will give reesonaoly accurate A-rey stress 
velues. His most important conclusion wes that surface 
prepsration had a definite affect upon A-ray stress values 
and, since none of the previous literature gave any indica-— 
tion of the surface preparation éeccomplished on test speci— 
mens, preparation methods mey heave been the cause of the 
discrepancies. This is a most important conolusion., 

Theoretical development beyoné this point seems 
to have been limited to refinement and no reoent literature 
wes uncovered having indication of importent development of 
the method itself. 

Application of the method which hes been recorded 
has been confined to the study of residual stresses in 
weds?) The nature of the stress measurement problem in 
welds and the favorable conditions existing in weld mater- 


jal readily invite the use of this method of measurement. 
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The preclusion of other applications during the unprece- 
dented use of welding in the war years ig unierstandable. 
No literature was uncovered concerning other arplications 


of A-ray strese measurement. 


DESCRIPTION OF ByUTPMENT 

The equipment necessary, in general, ig simple, 
consisting of few parts. An A~readiation tube 1a required, 
mounted so that 1t can be conveniently powered and cooled, 
and capable of intense monoohrometic rediation. Yindows 
must be arranged in the tube head to permit the egress of 
the A-ray beem. 

The camera is circular, consisting of a diee back 
and faceplate with a small hole at the center. In sddition, 
ports are cut in the faceplate at quadrant points and 
becked with light-tight paper, so thet only four ares of 
the reflected cone of rays ere recorded on the film. She 
cemera is mounted on the tube hesd by means of a mounting 
block which supports s hollow sheft. Vise cni feoeplate 
must oe exactly perpendicular to the axis of the shaft. A&A 
collimeting pinhole is placed inaide the shaft to limit the 
beam end foous the diffraction image to a sharp line. Meange 
must be provided for oscillating the camera through an angle 
less than 30 degrees. The X-ray beam passes through the 
hollow shaft and the hole in the cemera to the specimen. 

In this work we used a tube manufactured by the 
Machlett Laboratories, possessing ® ray-proof, shockproof 


housing integral with the tube body, with the added feature 
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of being “esenled off." Thue continuous svacuation was not 
required, as would have been were the tube not so, X-rays 
were available at the snap of s switch without denger - a 
Aecided advantage to inexperlenced operators. ‘ater cool- 
ing was supplied vie flexible leeds with a thermostatic 
device which turned off the tube if cooling weter failed. 
An essoolated transformer supplied the high voltage required. 
kounting ic particularly importent 1f the struc- 
ture to be messured is large or immovable. In this work the 
tube was mounted on a astend consisting of & column supporte 
ing an adjusteble carriage. Mounting the tube upon this 
carriage permitted movement of the tube and thus the beam 
direction in all planes. The photographs (Figures I, II) 
show this equipment and mounting. 

Inasmuch as elignment of the plane of the camera 
with the plane of the speciman 1s important, a device to 
accomplish this is required. A giwple one consists of a 
gmall telescopic rod, with a pointer attached, of such 
diameter and tapered so as to fit into the hollow shaft 
of the camera mounting block. The extended length should 
be such that when the device 1s in plece and the pointer 
juet touches the specimen, desired specimen-to-film 
distances approximately exists. Upon the ehaft of the 
pointer is then mounted, with spring clip, a small angle 
plate, the edge of which is perpendiculer or at 45 degrees 
to the pointer axis. Specimen and camera ean be thus 


aligned either parallel or at an angle of 5 degrees in 
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any plane. Figure Il shows this device. 


THEORY 

Inasmuch as this presentation is directed toverd 
the practical aspects of A~ray diffreotion, the theory 
necessary to the unceratanding of the method is recorded 
hers briefly and simplified, for the navel engineer. for 
rigorous development and explanetion cf this theory, 
reference should be made to several of the texts listed 
in the #iloliography, and to the supplementary Introduction. 

The S-ray diffraction metnod of stress msesure- 
ment depends upon the property of A~rraya that, if direated 
wpon a substance, crystalline in nature, the A-rays are 
seattered by the atome of thle subatance. If ths atoms 
are arranged in a regularly repeating pattern, the soattered 
Aerays cooperate to bulld up diffracted waves. 

Ine fundemental theories of diffraction aoply to 
these wavea. Consider &@ series of parallel planes with an 
incident ray, Lilo, striking at an angle 8, and of wave- 
length L (Figure III). It can ba seen that for reiaforce- 
ment 24 sin @ = n L where n is an lategral number. Thia la 
the Yragg equation, which defines the diatance, d, between 
planes in terme of the conetants of the incident ray. 


qd = n bl 
2 gin @ 


The structure of any metallle substance is one of 


regularly spaced atome within as crystel. J#lanes of stoma, 
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therefore, h®ve 2 constant ohsracteristie spactng in any 
diraotion when the metal is ungtresasead. An incident 
Awray, since the wavelength ie of the s#me order of mage 
nitude ag the inter-atomic spacing, will be reflected from 
these atomle planes in exactly the manner as depicted in 
Figure III, Therefore, we may use the Sraggz equation to 
determine the existent value of the spacing between the 
plenes of atoms. 

It must be kept in mind thet the dlatences 
vetween atoms and the distances between atowle planes 
differ. Although the distances between all atoms of an 
unstressed metal are the same (lattice parameter, a,), 
the distances between atomic planes differ according to 
which atoms make up the planes. This ean be seen from 
Fieure IV. A system of lattice coordinates known es the 
Miller indices 1s used to designate planes. These coe 
ordinates are based on the number of parte inte which the 
planes divide the lattice parameter. The interplener dis- 


tance 1s 4 function of the Miller indices (h, k, 1): 


a = Bo 
Vn2 + xe + 12 


The spacing of the atomic planes in any direction 





varles with the stete of stross of the metal in thet diree- 
tion. Sy elastic theory, the ratio of the chenge in @ to a 
iteelf (or strain) is proportional to the stress of the 
metal. This provides the besls upon which the method is 
developed, gince the interplaner distance acts as a small 


etrain gage. 
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Differentiating the Srage equation: 
Aa =k ese @ cot OAR 
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ra 


By means of the above equation the value of the 
strain ean be determined from the change in the incidence 
angle. Ineemach es direct measurement of the change in 
the incidence angle Le impreetical, 1t is neceesary to 
find some other menes ef determining this change. VGon- 
sider Figure Y. 


tan ~2= & 
2 


6 


tan (180 - 20) = & 
R 


tan 29 = - 3 
ns 
3 = - A tan 20 
Ag = ~ 2 pec 202A 0 


AS = 4 2A sec” 20 tan oad cms See 
a 


The value of the strain, a. , is thus proportional 
to the change in the radlue of the diffraction circle ree 
corded on the film. The velue, ( +422 pee* 20 tan ®@ ), is 
eslled the magnification factor. It is considered constant 
for small chenges in ®. The ctrain measured in this man~ 
ner ie actually thet along N but for small angles, ~ . 


involved, the strain 1s considered along the normal to the 


surface. 
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From elastic theory, etrain ina given cireection 
resulting from stresses in a plane perpendicular to this 


direction is given hy: 


i 4 a 
. L x y 


Aleo, by definition: 


e, = » « A@ 


where a, is the intervlaner distance menxsurad itn the 





stressed condition and dy that in the unstressed condition, 


” - e 92 a 
As + [eR eee otane| | ea, + ey ) | 
—@AE 


$ 
2vR sec 2@ tan 9 
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x yy ~ 


or, 8, t by KAS e e ° e e e s @ ° e e ° (2) 


where kK = peunde/inen” - Tilt. 


Asm S(gtreased) - S(unstressed) in mm. 


This provides the sum of the principal streases. 
Lt requires & measurement of din the stressed and in the 
unstressed conditions. 

For most conditions of use, it 1s desirable that 
& method ve developed requiring only the measurement of a 
in the stresged condition and providing the stress in one 
a@irection alone. 


From the “ellipsoid of strain,” 


“P 
“-i 7+ 8x gin® 


% ~ Fy 
where e., isa the strain measured in the normal to the surface 
and @,, 18 the strain measured at some angle but in the 


plane defined by the normal and the x direction. 
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Since the differences andy ia small compared to 
either d,, q.,> or ay > we may substitute 4, Tor a. with 
negligible error. Substituting this in equation (1): 


2 
‘.- By wt | a sec 26 tan || - a a, sin* | 


. = (3, - @ 
aint “a inh ae £1. = coe 
2(l*v) BR seo” 26 tan @ sin Vv 


or 


where Ff = pounds/ineh” - mn. 


This equation meets the requirements of per 
mitting calculation of a single stresa from a perpendicular 
and an angle measurement of a in the stressed coniition 


alone, 
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The model usec in this investigation waa de- 
eigned to present a simple crodvlem of some value and at 
the seme time to dewonetrete the particuler advantages 
of uging thia method of stress measurement. “ dimen- 
sione! sketoh of the motel is shown in Figure XII and «4 
photograph 1e preecented in Figure ATI-A. The plate was 
5 pound (1/6") medium steel having the following speci- 
fications: 


federal Stock Catalopsue 
F4S-Se Grade K 


Theee cerbon steel sheets for hull con- 
struction work nave an overage minimum tensile 
strength of 60,C00 pouniis per square inch and 
maximum carbon content of 0.31%. These sheets 
can be readily febdricated and welded. 

The Tee stiffener was a *" x 2 3/8" T cut fron 

eal" x 2 3/8" x 7.7" I, Tho wodel wee fabricated by the 


Boaton Naval Shipyard. 
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PAOCE DUNK 


If the reflected X-ray beam were allowed to strike 
stationary “ray film a considerably diffused diffraction 
circle would result. In order to eliminate this diffusion 
and to give a distinct diffraction circle which is more 
easily read, the camera was oscillsted through an angle of 
about 30 degrees by nieans of a small motor. Figure VI shows 
a diffraction circle caused dy not oscillating the camera 
and Figure VII shows the diffraction circle from the same 
point when the camera is oscillated. 

In order to-obtain a true circle from the diffracted 
rays the A-ray beam must be perpendicular to the camera ag 
it passes through the camera. The camera is mounted on the 
Apreay tube by means of four serews in oversized holes, thus 
permitting small movements of the camera relative to the tube. 
Perpendicular piotures were taken of unstressed tungsten 
powder and dlameters 90 degrees apart were measured. ‘When 
movement of the camera drought these two dilamaters within 
O.1 millimeters the camera was assumed aligned. 

The surface preparation technioue employed to re- 
move the surface layer was a combination of strong acid 
etch and electro-polishing. The ecid used was a 30% solu- 
tion of concentrated nitric aeid in water. The electrolyte 
employed was nitel (6% nitric acid - 94% alcohol). 


(8) 


Originally, the technique employed by “rsoz was used, 


but this was not particularly adaptable to use in the field 
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FIGURE VI 


DIFFRACTION CIRCLE RESULTING DIFFRACTION CIRCLE RESULTING 
FROM NON-OSCILLAT=SD EXPOSURE FROM OSCILLATED EXPOSURE 


FILM RESULTING FROM EXCESSIVE FILM RESULTING FROM INSUFFICIENT 
TUNGSTEN LAYER TUNGSTEN LAYER 








due to the time and labor involved. The procedure finally 
used reduced the time involved considerably and practically 
elimineted the labor. The time involved 1s dependent upon 
the amount of material to be removed. 

Ags may ve seen from the stress equation, the 
distance from the comera to the model Le criticsl and mest 
be determined with great accuracy. ‘This distance may be 
measured with a pair of inside milorometers, but such eae pro- 
eedure hag not proved too satisfactory. Ancther and more 
satisfactory method of determining this film-toespecimen 
distence is to use & metallic powder dusted on the surface 
of the model. Thies procedure results in two concentric 
G@iffraction circles on the film. Knowing that the metallie 
powder is in the unstressed condition, the dleneter of its 
diffraction circle may be determined for any selected film 
to-model distance. By comparison of this diffresction circle 
diameter with that actually obtained, all film readings may 
be corrected to the selected film-to-model distance. This 
method of determining film-to-model distance has decided 
advantages over using micrometers. eadings are automatic-~ 
ally corrected for any film size verietion in the developing 
process or due to temperature variations. It allows the 
constant in the atress equation to be calculated in advance. 
& permanent comparison 16 obtained on the fills itself, 
thereby permitting the resulta to be read at any time. 
Powdered tungsten waa used throughout thls inveetigation 


since it gives a diffrection circle sufflolently great in 
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diameter as not to interfere with the iron diffraction 
ring and yet emall enough to remain on the film. A light 
leyer of vaseline wae epplied to the surfsce of the arne 
to be investigated. Tungsten powder was then dusted on 
the surface with a omall camel's hair brush. Care must be 
taken in applying the tungsten, as too much will obscure 
the iron ring and too little will make it éifficult to 
determine the film-to-specimen distence. Fiwures VIII end 
IX illustrete these two conditions. The film-to-model 
distance geleeted for the determination of the constant in 
the etrees equation was such ag to glve a tungsten diameter 
of 50 millimeters. 

The A-rnay tube snd camera were mounted on the 
etand pictured in Figure I which alloved movement in all 
G@iractiong. The camera and tube were aimed by means of 
the distance piece and angle indicetor ehorn in Figure II. 
Forty-five Kilovolts with a sourrent of 10 milliamperes 
wag used. An exposure time of le minutes was found to 
give the most satisfactory results. 

Having completed the exposure, the fllm is de- 
veloped using standard photographie practices. Distances 
on the film are determuined by the use of a measuring box. 
This device consists of a hox topped by a frosted, light 
backed glass on which is mounted a seele (eapadle of resd- 
ings to 0.020 mm.) and a traveling hair line. Readings are 
ootalined by placing the hair line 4t the center of the dif- 


fraction line. Several reedings were made of each line end 
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Angle Exposure Perpendicular Exposure 





the results averaped. 

hs hes deen pointed out, in order to determine 
the atress in any one direction, two pictures must be teken, 
one perpendicular to the surfece and one at an angle. The 
engle used was 45 degrees corrected by the angle between 
the inciaent ray and the normal to the reflecting plane. 
From these two pictures the difference 5,-S, in the stress 
equation was meesured. ihe diffreetion cirele obtained 
from tne angle picture is not an exact circle but haa dee 
come slightly elipticel end, in addition, the side of the 
film closest to the camera gives a line which is nerrower 
and more distinct. Figure A shows an angle picture ag 
compared to a perpendiculer picture. 

In orager to avoid the alfficulties which would 
be encountered if it were necessary to mesgure the dlameters 
of the diffraction circle directly, the A shown in Figure 
Al ig read. The difference between the A read from the 
perpendiculer film and that read from the angle film is 
exactly squal to Bp7 By . 

wince 
eS = ase - 2a, 
2Sy = 25, - 2 ay 

All values having been corrected to the standard 
Sw, sudtracting one equation from the other gives 


S - S8y =- (Age Ay) . 2... 2. MH) 
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This method of determining the difference in 
the radii of the diffraction circles was used throughout 


the procedure. 
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FIGURE XII 





SKETCH CF MODEL SHO.ING POSITION OF POINTS 
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TABLE I1 


DUAFACE PAEPACATION CALISAA TION 


a DEPTH CURRENT 
sia THOD TIME Rae DING OF CUT DENSITY 
(liimutes) (Inches) (Inches) (Amps/cm) 
| Start (a) O O.120 = _ 
30% Nitric Acid “tch‘® 20 0.117 0.003 - 
30% Nitric Acid Etch 10 0.116 0.001 . 
30% Nitric Acid Eteh 10 0.115 0.001 - 
30% Nitric Acid Ztch(new) 10 0.113 0.002 = 
Start O 0.1105 ze 2 
Witel Eteh'> 20 0.1093 0.core ” 
Nital itch 5 0.1088 0.0005 - 
Start O QO. 20 = * 
Electro-Polish (Nital) 3 0.11925 0.00075 3 
Electro-Polish (Nital) 5 0.11825 0.001 3 
Electro-Polish (Nital) 3 0.11775 0.0005 3 
Start 0 QO. Ii = - 
Electro-Polish (Nital) 15 0.120 0.001 yy 
Stert (x O O.120 = - 
Eleetro-Polish (HzPO,) 3 0.120 0 1.5 

ptart O O. 120 a ™_ 
Electro-Polish (HzPO),) 10 0.119 0.001 3 
Start O © . 7am. — ™ 
Blectro-Polish (H3P0,) 10 0.1207 0.001 y 
otart O O. L221 - - 
30% Nitric Acid Etech 10 = z a 
Hlectro-Polish (Nital) 10 0.125 0.006 3 
| Start O O. RO n= - 
30% Nitric Acid Etech 10 ~ pa - 
Hlectro-Polish (HzP0,) 10 O.114 0.006 If 
Start? 0 0.120 z x 
5304 Nitric Acid Etch » - = ~ 
Electro-Yolish (Nital) 15 0. LLO® 0.0095 3 
Start!e) O 0.120 es be 
30% Nitric Acid Etech 3 - - - 
Electro-Polish (Nital) 12 0.116 0.004 3 





(a) 30% concentrated nitric acid, 70% water. 
(b) 64 concentrated nitric acid, 94% alcohol. 
(c) 30 parts by volume of sulphuric acid 
70 ; ' : ; phosphoric acid 
1O water. 
(a) This method used in preparing surfaces of ground area. 
(e) This method used in preparing surfaces of area which 
had not been ground. 
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In genersl, the results ére @de quate to permit 
formulation of conclusions as to the fessainility of ueting 
thie atress meseurement method. As previously pointed 
Cut, the model was designed to present residual streas 
gwnich could not be determined by @ nonedestructive test. 
Unfortunataly, it was not expected that the stress distri- 
bution would be so complex. ‘Aather, simple tensile 
atresses were anticipated with sherp gradients across the 
plate in the vicinity of the weld. This complexity pre- 
cluded the complete Gnalysisa of atrese disztribution in the 
plate. Hovrever, sufficient experience wnd deta were ob- 
teined to point out the advantages ani the disadvantages, 
and to indiesate the requirements of enuloment end technicue 
necessary to adapt the methed to efficient use in the field, 

Alignment of the camera so thet the A-ray beam 
was perpenmiiculer to the plane of the oamera was required 
in our equipment. In equipment epecificelly designed for 
stress mensurement, this allenment need be done only once, 
at time of manufacture, and the camera attached permanently 
on the tube in the proper position. Thus, this procedure 
would be eliminated entirely in normal use. 

Previous literature indicated the critical nature 
ef the problem of surface preparation. Therefore, consider 
able attention hed to be given to this phase of the method. 
It was expected that the plete hed a layer of sold worked 
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material due to the rolling process and to the grinding 
which wag performed to smooth off the plate in the weld 
vicinity. To determine actual plate stress, this layer 
hed to be removed. 

The proeedure recomended oy Ersoz, as de~ 
eoribed in Details of Frocedurs, was decided upon. 
Point 1 (plate center) was prepared and the meneaurements 
1<A and 1-8 in Table 1 and Figure AIII resulted. These 
exceeded vreatly the anticipetec values and 1t was cone 
cluded that the cold work isyer ned not yet been come 
pletely removed. Meesurements 1-4 and 1-2, made during 
the second preperation, after the drastic etch but before 
the hand polishing, confirmed the conclusion of Ersoz 
that measurements of the highly oitted surface resulting 
from drastic etching ere considerably lover (1.e., toward 
zero) than the sctual surface stresses. The measurement 
made after the remainder of ireoz's procedure was carried 
out (1-F) was considered to be the dest value of the 
strese existing et Point 1. 

it wee apparent at thie stage that ireoz's pro- 
cedure, although satisfactory for laboratory use, vas too 
leng end too laborious & process to be readily used in 
the field. 

fne greatest difficulty in the areoz method lay 
in the nend polishing of the drastically etched surfece, 
Such polishing had to be done with very fine polishing 
paper to avoid cold working again, and therefore required 


several hours. In an effort to overcome this disadvantage, 
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1t was felt that an electro-etching process could be used 
to remove material reasonably rapidly, yet leeve remeinge 
ing an unpitted surface. Various electro-pollishing solu 
tions were calibrated,as imiieated in fpble II. It can 
be seen that considerable tima~saving was realized as 
compered with the hours of hand polishing, end ly vor ras 
reduced to an absolute minimum. The only sdvantege not 
reglized was repid removal of material. This suggests 
the poesibility of developing en etching selution which 
does remove material rapidly. 

Suffieclent time was not avellable to continue 
the above research. Ag & final resort, ® compromise method 
combining the use of the drastic eteh to attain rapid 
material removal with the use of the electro-poliech to 
attain a smooth surfece wae calibreted (Table II). As 
indicated in Table II, this combinstion provided the 
features desired of a surface preparaticn technique for 
field use. It wae used throughout the remainder of the 
investigation. 

Undoubtedly the single electro-etching prosesa 
holds the best promise for a surface preparation mathod. 
Although the comproalse method served our Lamedlate pur- 
pose, it is felt that to adapt the +~ray method to general 
use the single electro-etch process should be developed. 

In the proocesa of testing the electro-etching 
solutions, further measurements were taken on soint 1. 


(1-0, 1-H, l-J.) In eddition, measurement of Point 5 


(Figure AII) wes made. The stress obtained for Yoint 5 
indicates the extreme gradient present in the traneverse 
direction. Thie predient cerves to explein the higher velues 
for stress et Point 1, @s determined by measuremente 1-4 
and 1l-J. The points actually measured were probably some 
what off-center. This demonstrates the necessity of 
easteblishing the point of messurement accurrtely and of 
acourately @iming the incldent 4eray beam. Only when 
these positioninizs can be accomplished with precision ean 
we expect reproducibllity of results end determinetion ef 
stresses across steep gredients. The unit used in this 
investigation did not permit such precision positionings. 
Contributing to thie inssocurwey in positioning was the 
vibration of the mount introduced through the flexible 
shaft from the motor to the oscillating mechanism. In the 
design of X-ray strees messurement aquipment, it ls neces-= 
sary to provide a stable mounting for the Xeray tube. 
Further, provision must be made for mlerometer adjustment 
of the tube and mounted camera in three dimensions with 
respeet to the fourvietion to permit accurate positioning. 
The attainment of the necessery atabdllity of 
foundation while maintaining portability 1s the only fore- 
seeable difficulty in the design of Aeray equipment for ship- 
board measurement. The unit requires only 110 V. A.C. and 
& eupply of cooling water, services which are generally 
available. There ere presently on the market commercial 


forms of portable electro-polieshing units entirely self- 
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contained whieh could be adapted to this work. SGome fur- 
ther study end detailed design development ehould preduce 
a portebie unit heaving all the features indicated necesg- 
gary by our experience. 

The measurements taken &t Point 1 (1-K, 1-4), 
using the combinetion of eten and electro-polish, gave 
values consistent with those obtained using the accepted 
method of etch, hand polish, and etoh. Thies cemonstrated 
that these mersurements were true veluesc of the etreas in 
the plate within the accuracy of the method. Ag indicated 
by Figure AIIT, eccurscy throughout the investigation waa 
within = 1500 pei. 

This polnte out the fast thet the error in the 
Kepay method is dependent upon the error in readings the 
distances between the diffraction lines. Ihnis error in 
reading beers no relation to the distance between the 
lines, the reading error being of constant magnitude. 
Tuerefore, regardless of magnitudes of stresses meusured, 
the error is constant. Thus, on @ percentage basis, the 
error decreases &s the me eured magnitudes increase. The 
method has smell percentage error at high values and 
larger percentege error ae we gnitudes cecresse. 

With the ®bove accuracy limitetions in mind, the 
values of the stress et the points indicated in Figure AIV 
ani X¥ ere conaldered good, with the exception of roints 10 
and 17. Gince both of these iniicete compressive atrese, 
longitudinally and transversely, it is suspected that cold 
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worked material existe at these pointe. alther surface 
preperation has not progreased deeply enough or the 
material ia cold werked all the way through. Further 
investigation would seem desirable here, 

it should be reiterated that the prime purpose 
of this investigstion was not to investigete the stress 
distribution in e stiffened plate. This would heve been 
e sufficient problea for an individuel thesis. ‘ther, 
the plate served as a unique model having featurea which 
would best Gemonstrate the sdvantege of the Aeray method. 

From the experience gained in conducting this 
investigation, we can drew certain conclusions regarding 
the advantages and disedvanteges of using this ‘ray 
technique. Ag previcusly bentioned, the method has long 
been established in determining residusel stress since no 
unstressed measurement ie required. Thia is particularly 
true when destruction for relief of such residual stress 
is impossible. In s#ddition, inasmuch as the interatomic 
spacing ia involved, the method determines the elantie 
stress even though plastic flow may have occurred. Any 
strain gage mecsurement could not make this distinction. 
The sméill aize of the A4-ray beam permits meagurement of 
streas over an area far eamaller than normal strain geges 
wlll permit, a definite feature in the ecaee of steep stress 
gradients such as existed in our model. These fes tures 


present a good cese for the use of the method. 
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it Le @lac obvious that certein inherent 4ia- 
edvantages exiet. The accuracy of the method is 
Gependent upon the accursoy with whieh distances between 
the diffraction lines oan be reed. The sharper the line, 
the more acourate is the strese determinstion. @inse the 
sharpnese of the lines depends upen the grain size of the 
matal, eceuracy likewise depends on grein size. Acourecy 
thus would be e function of the physicel gtate of the 
metal composing the structure and conalderetion must be 
given to thise in epplying the method. It should be 
noted, however, that the plate employed in this inveasti-e 
gation wes taken from the normal steekpile of m asval 
shipyera and dlffraction lines were excellent. Initial 
cost would be high for equipment, but ceritsinly net 
prohibitive. inasmuch ag photegrephic meang are employed 
to record the diffraction lines, certain amounts of time 
are required. Expogures of about 12 minutes were uced 
throughout this investigatlen. 4 time factor far greater 
than thet in ctreia gage methods thus exista. Finally, 
only surface atresses can de reasonebly measured and to 
an seccuracy whieh, on 6 percentage oOvele, ineresses a6 
megnitudes inerease, These factors conetitute the negntive 
ca ge. 

In considering tha ebove feetora, it becomes 
apperent that seversl of the disadvantages cannot be en~ 


tirely overcome at the present stage of development of 
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the method. However, it le squally apparent that they 
sre not dlequelifying. Furthermore, no disqualifying 
feature in the technicue wages uncovered by our procedures 
for which we could net foresee ea possible solution by 
proper design of equipment or development of field tech- 
nique. Therefore, we ere led to the positive conclusion 
that the method Is entirely feasidle for use in analyzing 
naval structure. In fact, the definite sdventage of the 
method in analyzing actual naval atructures subjected to 
Losdings which cannot de reproduced in motiela end the 
anelyzing of metel models of high degree of indeterminancy 
without resorting to plastics and photo-elacsticity make 


the method worthy of consideration. 
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COrNy ae J wl 


1. The A-ray diffraction method of etress mehourement is 


entirely feaslble for use in analyzing novel structures. 


Z. ome Method is particulerly applicable to the analyses 


of neval structures which ere subjected to losdings which 


eannot be reproduced in models @nad to enelyses of metal 


models of # nigh cegree of indetertiinency. 


3. The metnos offere the following edventeges: 


(«) 


(b) 


veterminstion of absolute magnituder of 
elastle stress without mesaurement in the 
unetreesed condition. 

determination of etress over & semall erea, 
approximetely one-elghth of an ineh in 
Giameter, presenting a distinct advantage 


in the caee of steep stress xradienta. 


4, The method presents the following disadvantages: 


(a) 


(b) 


(c) 


Requirement of fine grain size in the metal 
comprising the etructure being measured to 
attain eccuracy. 

Leseer value of Gccuracy on & percentage 
bagig at lower stress magnitudes due to 
constant magnitude of error. 

Requirement of grester time for me surement 
procedure than that required for strain gage 


measurement. 
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(a) Lawmitetion of the stress values determined 


to the surface of the material meegured. 


S. The stresa distribution in » plate in the vicinity 
of a welded etiffener is a highly complex one vith a 


steep traneverse gradcient. 


6. 2reeant methods of surface preparation give accurate 
results, but are too long and le borlous to be feasible in 
field use. The method employed in this investigation, em- 
ploying « drastic nltric acid etch followel by electro- 
polishing, gives eccurate results and le « aatisfactory 


method for field use. 


7. To adapt the A-ray method to use in naval structures, 
equipment must be specifically Caslgned to such use. 
Perticular features waich must be incorporeted into the 
design are? 

(a) Provision of micrometer edjustment of tube 
and oamere with respect to the foundation 
to permit éccurate positioning. 

(bp) Provieion of stable mounting and self- 
contained oacilleting unit to evoid vibration 
of the incident A-ruy berm. 

Present commerciel porteble electro-polishing units ean 
be employed. Wo service not already #t hand aboard ship 


Le recuired, 
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AZCOMM OND TIONS 


1. The single electro-etch process of surface prepare tion 
holds promise for minimizing the time and effort in thie 
phase of the 4-ray method. aA continuance of research to 


develop a method and a guitacle electrolyte is recemeended, 


2. AN ettenpt at the design of equipment expreeasly for 
Aepay diffraction stress meecurement is recommenied, The 
possibility of mounting three tubea 20 aimed es to obtain 
the perpendicular, ani the ten angle exposuras simultene= 
ously, Sug@wested itself to the authors. Time required 
would thus be eut to one~third the present time. In 
addition, an electro-polishing unit capsble of polishing 
surfaces at any angle, including overhesd, would be re- 
quired. Actual details of suitsdle ecuipment, compact 
for easy portability, will reguire attention end develop-= 


mant. 
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SUP rPLUMEWAARY INTRODUCTION 


X-RALIATION THwORY 

X=radiation from a target metal consists of a 
continuous spectrum over a wide range of wavelengths with 
a superimposed line spectrum of high-intensity single 
wavelength components, such as is indiceted in Figure AVI, 
Only after a certain critical voltage, uniaue with each 
target metal, is surpessed, will the characteristic lines 
appear. The intensity of these lines varies directly as 
the current through the generating tube and slightly less 
than the second power of the voltage applied to the tube. 
Kach element has the same fundamental pattern but the rela- 
tive position on the wave length scale is a function of the 
atomic number, heavier materials having the shorter wave~ 
lengths. Therefore, ve have available high intensity 
characteristic rays of Known wavelength from each metal, 
These rays are the ones used in ray methods of stress 
measurement. The series is limited et the lower range of 
atomic numbers by the fect that the long waves are absorbed 
by the A-ray tube windovs while heavier elements give white 
radiation of such intensity as not to be useful when only 
single line radiation is desired, The normal range of wave- 
lengths used is 0.56 Angstrom units to 2.29 Angstrom unites, 
and metals giving these wavelengths are silver, molybdenum, 


copper, cobalt, iron and chromium. 
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The explanation for the development of the 
cheracteristic rays is based upon the conception of the 
atom as a central nucleus with shells of electrons 
(K,L,M, etc.) surrounding the nucleus. #ach shell exists 
at an energy level with the Kk shell immediately adjacent 
to the nucleus being at the highest enrergy level. The 
atom tends to remain ina state of minimum energy until 
energy is iperted to it from an outside source. When an 
electron stream is driven into the atom energy is imperted 
to the atom 2s a result of the ejection of an electron in 
one of the shells by the electrons in the stream. An elece- 
tron from an outer shell moves into the shell from which the 
ejection occurs. This constitutes a sudden reversion to a 
lower energy state of the atom, and the atom in the process 
throws out a unit of energy, & quantum, in the form of radia~ 
tion, the frequency of which is shown by © = hf, where E ig 
the loss in energy, h is Yianck's constant and f is the 
frequency. Ifa K shell electron is ejected, and the vacency 
filled from the L shell, Ku radiation results. If it is 
replaced from the ™ shell, Kg radiation results, which 
differs from K, by en increment of frequency proportional 
to the difference between the energy levels of the L and WM 
shells. Had the ejection occurred in the L shell, L—series 
lines would develop. In Figure KY , such lines would be at 
longer wavelengths, because of the lower energy levels in- 


volved, and thus to the right of the K-series lines shown, 
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Bince the energy levels are discrete and sharp, 
the transitions between them give rise to sharp lings in 
the spectrum. However, there are complex secondary energy 
levels at each shell. Tne & level 1s a single cne but the 
L level has three distinct levels and the M level five. 
Replecement of a vacancy in the % shell from the various 
L, shell levels gives rise to a double K ¢haraecteristiec in 
the ease of the cobalt radiation used in this work. It is 
shown in Figure XVI and can be nated in the photographs in 


Figures VI, VII, VIII, IX and X. 


DIFFRACTION THO ay 

Previous mention wes made of the "*seattering® of 
the A-ray beam by the atoms in the specimen surface. This 
phenomenon requires some explenation. The beam of X-rays 
passing over an stom eeccelerates the atom into a atate of 
vibration. Such csoillation sete into motion a series of 
electromagnetic waves of the seme freguency and wavelength 
as the incident beam. This is "coherent soattering.* When 
this radiation is superilwpesed upon similar radiation from 
atome in the same epece lattice, reinforcement occurs and 
the diffracted beam is formed. "Seattering”™ is thus s 
transfer of rediant energy from the primary beam to 
goattered beams originating in the atoms of the material 
being measured. A second type, “modified soattering, “ 
ocours simultaneously, but has no bearing on stress measure- 


ment. 
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WAVELENGTH REQUINRAMENTS 

In the Introduction it was pointed out that re-~ 
inforcement of the wave occurred when 2d sinS=nlL, In 
the subsequent development, the first order of reflection 
was assumed (i.e., n= 1) since this gives maximum intensity 
lines. 

Consider the relation: 


Ad x. tan @ Ag 


qd 
in measuring the strain by determining the chanse 
in the incicgence angle, the maximum sensitivity will be ate 
teined when tan S&S is maximum and, therefore, when 8 axnproseches 
90 degrees. 
it is thue desirable to employ an A-radistion of 


wave length approximating twice the interpléner distence. 


since 
d = 
2 Bo 
L = 


Vn? + k2 + 1° 
This establishes the requirements for the wave-~ 


length of the X=ray to be used in any stress measurement 


application. 
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DETAILS OF PROCEDURE 


Since the A-ray tube used in this investigation 
was designed for uses other than stress me@surements, it 
Was necessary to mount the cemera on the tube and to align 
it prior to stress measurements. Alignment was accomplished 
by measuring distances on a perpendicular picture teken 
of & specimen dusted with tungsten. Teble III gives the 's 
obtained in aligning the camera used. Directions are taken 
as one faces the camera. 

It was decided at the outset of the investigation 
to use the method of surface preparetion proposed by Ersoz. 
The method consists of the following three steps: (1) a drastic 
acid etch (30% concentrated nitric acid in 70% water), (2) hand 
polishing with polishing cloth to & smooth, bright finish, and 
(3) a mild nital (6% concentrated nitric acid in 94% alcohol) 
etch. The time involved in each of the etching steps is de~ 
pendent on the amount of surfece material it is desired to 
remove. The amount of meteriel to be removed is dependent, in 
turn, on the manner in which the specimen was manufactured. 
Sufficient material should be removed go that any surface 
stress ofused in the manufecture of the specimen will be 
eliminated and loading stress alone will remain. 

The surface of the stiffened plate in the vicinity 
of the weld on the side opposite the stiffener was uneven due 
to the variable rate of cooling of the weld. This portion 


of the surface was ground flat by means of a 1/4" eleotrio 
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hand drill mounted with an emery disc. The grinding was 
done so that the camera might be more easily aimed. 

f. sample of the plate was used to calibrete the 
depth of cut obteined from the etching acids ageinst the 
time of etch. the data thus obtained are given in Table II. 
Hand polishing following a strong acid etch of 10 minutes 
removes @poroximately 6.002". 

Step (1), the drestic ecid etch, leaves tae sur- 
face pitted. If stress measurements were toe be taken of 
the surface in this condition, the values obtained would be 
sm@éller than the stress aotually present. The "hills" left 
by the pitting are uneble to have stress trensmitted to them 
due to the lack of surrounding material. It is the stress 
at the tops of these hills thet the 4-ray beam measures. 
Step (2), hand polishing, removes these "hills" but et the 
same time oold works the material. Thus, meesurements teken 
after this step give results more compressive than the true 
values. Step (3), a mila etch, removes the cold work caused 
by che polishing. Ersoz investigations showed thet this 
procedure resulted in stress values within the accuracy of 
the methocd. 

In uging this surface preperation procedure it 
became apparent thet the process was too long and laborious to 
be of practical use in the field. The fundamentel require~ 
ments of & surfece preparation procedure ere, first, that it 
remove a sufficient amount of material in a re&sonable length 


of time, and second, thet it leave the surface smooth, i.e., 
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without "hills" and "valleys." With these requirements in 
mind, the possibility of using an electrolytic eteh was in- 
vestigeted. Standard electrolytic solutions used in 
electro—polishing were calibrated-time ayainst depth. The 
results of this calibration are also shown in lable III ana 
Figure XVIII shows a ciagrammatic sketch of the electrical 
Circuit used. This procedure did remove the material and 
reduce the labor involved but did not reduce the time neces— 
gary in the preparation. Sufficient time was not available 
to investigate other than the standard electrolytic solu— 
tions. A combination of the acid etch and the electro- 
polishing was then tried on the theory thet the ecid eteh 
would remove the material and the electro-—polishing would 
remove the "hills" leeving a smooth surface. The results of 
the calibration of this procedure are snown in Table II. 
Since this technique fulfilled the requirements most satis-— 


factorily, it was employed throughout the remainder of the 


investigation. 
TABLE III 
CAMERA ALIGNMENT DATA* 
a HORIZONTAL VERTICAL MOVE- 
0. m4. : : an MENT 
Lert Right Left Right 

- 5.98 5.74 5.97 5.96 

2 5.82 6.05 5.91 5.90 

3 5.4 5.90 5.90 5.85 O.K. 
r 5-90 5.9 5.91 5.85 O.K, 


* Directions are taken facing camera. 
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ETCHING CIRCUIT 
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Ags was pointed out in tne Procedure, the side 
of the angle film closest to the specimen is used in 
determining 4 distance. It is this side of the film 
which gives the sharper lines and, therefore, results in 
greater precision of measurement. In addition, the 
evaluation of the constant, F, involved the use of the 
angle Y , Figure XI. The value of y used wag 45° + 3 
resulting in a constant determined specifically for the 


near side of the film. 
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wAitvls Cs LOULA PION 


Determinetion of & for a tungsten ring of 50 mm. 


in diameter: 


Cobalt radiation: | (Ki) = 1.7869 Angstroms 


Unstressed tungsten! a, = 3.1647 Angstrome 
Reflecting plane: h,k,1 = 222 

25 = 50 mm 

2 = 25 im. 


Bo 5lt 
= = = (), 70 
tooo = n2eKe y= a 41597 


l= 24 gin é 


Le: 
i =a 78° 15.4! 
2@ = 156° 30.5' 


tan 26 = - == -0.43509 


he - 22. = ~57 1595 mm. 
tia 


Determination of constant F: 
Poe o(14V)R seo” S ten © ein’ ¥ 








where 
w= 30 x 10° psi 
V= 0,26 
Re 57.4595 
deflecting plene = 310 


ao(Fe) = 2.867 Angstroms 
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2-887 - 0.90662 


a = 
516 \ori+0 


. i "hae | ' 
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80.601 3? 


= 
bi 


20 = 161.2026 


x vorrection for normal to reflecting plane 


me 


(see Figure AL) 
sane in 5.3987° 
y = age -F = gh. 5957" 


sec 29 = =-9.10563 


sec” 2s 


i 


G 
ten @ # 6.041361 
sin Y @ 0.8130865 
gin* =z  (.66111 


30 x 10° 


Fo= - 
OUL. 28) (0. O1T1576) (6 OF 1561) (0. G31 TI (678595) 


m1 765.7 Low. /int/aa. 


Determination of strers: 


Point 1-F 
A lL 
2by = 51.71 Coy = 51.72 Coy = 50.50 
1 ' t 
Sp = 5.72 Si, = 5.96 Aus 5.38 
Dee 1 - i‘. 2 ».. QO 5, <r) 

corr <- 5, 72m-0. - >. =, a x5.3 .O 

Np 25 72e-0.19 corr= ete ox 96=-0. 20 vorreps 5 5 


Ase 5,33 A, = 5.76 Av = 5.33 
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